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Dielectrophoresis (DEP) has been widely studied for its potential as a biomarker-free method of sorting and characterizing cells based upon their dielectric properties.
Most studies have employed voltage signals from ~1 kHz to no higher than ~30 MHz.
Within this range a transition from negative to positive DEP can be observed at the cross-over frequency f x01 . The value of f x01 is determined by the conductivity of the suspending medium, as well as the size and shape of the cell and the dielectric properties (capacitance, conductivity) of its plasma membrane. In this work DEP measurements were performed up to 400 MHz, where the transition from positive to negative DEP can be observed at a higher cross-over frequency f x02 . SP2/O murine myeloma cells were suspended in buffer media of different osmolarities and measurements taken of cell volume, f x01 and f x02 . Potassium-binding benzofuran isophthalate (PBFI), a potassium-sensitive fluorophore, and flow cytometry was employed to monitor relative changes in intracellular potassium concentration. In agreement with theory, it was found that f x02 is independent of the cell parameters that control f x01 and is predominantly determined by intracellular conductivity. In particular, the value of f x02 is highly correlated to that of the intracellular potassium concentration.
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Introduction
Under appropriate experimental conditions both theory [1] [2] [3] and experiment (e.g., [4] [5] ) show that dielectrophoresis (DEP) of viable mammalian cells exhibits three modes of behaviour with increasing frequency of the applied electric field. At the so-called 'cross-over' frequency f xo1 a transition from negative to positive DEP occurs, whilst at the much higher frequency f xo2 there is a transition back to negative DEP [6, 7] ). At f xo1 and f xo2 the DEP force is zero, corresponding to the effective dielectric properties of the cell exactly matching those of the volume of suspending medium displaced by the cell. Because the value of f xo1 is sensitive to the shape of a cell, the dielectric properties of spherical, ellipsoidal and discoid cells can be evaluated if appropriate geometrical parameters are employed [8] [9] [10] . This paper describes investigations of the little explored characteristics of f xo2 , and to place this into context it is useful to summarise the current situation regarding f xo1 .
As reviewed elsewhere [10] [11] [12] [13] [14] , theoretical and experimental evaluations of f xo1 have been extensive and exploited in practical applications of DEP, such as the manipulation, separation, and isolation of target cells from mixtures in suspension.
Taking into account typical values for the size and dielectric properties of mammalian cells, f xo1 to a very good approximation is given by [15, 16] : [16] from the slope of the plot of f xo1 .R against σ s , but accurate values for G m derived from the intercept of such plots are only possible for restricted values of the frequency and medium conductivity [18] . The 2 nd term on the right-hand side of Equation (1) is typically ~100-times smaller than the 1 st term and is often neglected [11, 19] . Determination of C m can then be made from measurements of f xo1 and R at a known value for σ s ., but with the risk that the onset of passive ionic conductance due to degradation of the membrane's integrity will lead to significant underestimation of C m .
Gascoyne et al [19] have summarised how C m varies substantially between different cell types; cells in different states of differentiation; in different stages of the cell cycle; and following exposure of cells to apoptosis-inducing agents and toxicants. It was concluded that variations in C m are related to membrane surface features such as ruffles, folds, and microvilli [20, 21] , with the possibility that changes of membrane structure and chemistry should also be taken into account [22] . Whereas cell size does contribute significantly to dielectric differences between different cancer cell types, the value for C m can also vary significantly among cells of the same size.
Furthermore, under the same conditions, cancer cells exhibit consistently lower f xo1
values than peripheral blood cells [19] . These factors are of great significance regarding the development of DEP as a surface-marker independent and competitive technique for isolating circulating tumour cells from peripheral blood [23, 24] .
Detailed experimental measurements of f xo2 for mammalian cells are, to our knowledge, restricted to an earlier report of our own for murine myeloma cells [25] .
Values for f xo2 were observed in the region of 200 MHz, in agreement with theory based on known cell dielectric parameters. An unexpected finding was that f xo2 decreased steadily with time, in a temperature-activated (Arrhenius) manner. At 37 o C, for example, f xo2 fell from ~200 MHz to ~80MHz after 2 hrs of suspension in the DEP medium. In this work we have extended our earlier study to clarify the factors influencing the value of f xo2 . We conclude that f xo2 is sensitive to the intracellular conductivity, a factor correlated to the osmotically induced alteration of internal potassium ion concentration. To achieve this result, the drift in f xo2 value was reduced to less than 10 MHz by performing the DEP measurements at 21 o C and within 30 minutes of the cells being suspended in the DEP medium.
THEORY
A cells' DEP frequency response is defined by the Clausius-Mossotti factor 
The parameters * c ε and * s ε represent the complex permittivities of the cell and its suspending medium, which consist of electrically lossy dielectrics defined by:
where ε is the relative permittivity, 0 ε the permittivity of free space, σ the conductivity, ω the electric field angular frequency and j the imaginary vector, 1 − . Equation (3) may be substituted directly into Equation (2) for the suspending medium, [10] , the resistance of the plasma membrane is effectively short circuited by its capacitance, allowing the electric field to penetrate the cell interior.
Understanding the behaviour of cells at these frequencies therefore requires a model incorporating their intracellular structure and dielectric properties. In the approach taken by Asami et al [26] , a multi-shelled model built from concentric spheres was fitted to impedance measurements of mouse lymphocytes between 100 Hz and 250
MHz. Their model incorporated both the radii and complex permittivities of the cell membrane, cytoplasm, nuclear envelope and nucleoplasm. By substituting an effective expression for the complex permittivity of this structure into Equation (2) a nucleated cell's DEP frequency spectrum can be predicted [26] . An example for mouse lymphocytes is shown in Figure 1 , modelled for three medium conductivities using the dielectric properties of the cell compartments derived by Asami et al [26] .
In agreement with Equation (1) the value for f xo1 varies with changes in the medium conductivity σ s , whereas f xo2 remains constant.
An analytical expression for f xo2 was first derived by Gimsa et al [6] and later simplified by Broche et al [27] to the following analytical expression: where σ i is the effective conductivity of the cell interior, and ε o , ε s , ε i are the permittivity values of free space, the suspending medium and the cell interior, respectively. This formula may also be derived directly by assuming that the imposed [3] . This can be modelled as a multi-shelled dielectric sphere using the dielectric parameters for the cytoplasm and nucleus derived by Asami et al [26] . Equation (4) is then derived by assuming that the conductivity of the suspending medium is significantly below the intracellular value, a condition which can be satisfied experimentally. The proportionality of f xo2 with respect to intracellular conductivity, as indicated by Equation (4), breaks down in the limits of low intracellular and high medium conductivities [28] . For example, a deviation of 9% in the predicted value for f xo2 occurs when intracellular conductivity reduces by 50% in a 300 mS/m medium. However, with the suspending medium conductivity of 50 mS/m chosen for our experiments, the deviation from a direct 1:1 proportionality of f xo2 with the intracellular conductivity was no more than 1%.
Finally, Equation (4) indicates that f xo2 , in sharp contrast with f xo1 , should be independent of cell radius R, membrane capacitance C m , membrane conductance G m , and the conductivity σ s of the cell suspending medium.
Intracellular dielectric properties are difficult to measure in practice and typically require the fitting of multi-shelled dielectric models to impedance, electrorotation or DEP measurements across a range of frequencies. In this work we restricted ourselves to studying the changes in f xo2 as a function of intracellular potassium ion concentration [K + ] i -the most abundant intracellular ion [29] . Hypo-osmotic stress was used as a means of diluting the intracellular compartment, the reducing [K + ] i , and with it the conductivity σ i and, from Equation (4), the frequency f xo2 . Hypo-osmotic were measured by ratiometric flow cytometry using a potassium sensitive fluorescent dye [32] [33] [34] . By measuring the volume of cells for a range of medium osmolalities we aimed to determine if a simple dilution model could account for the relative differences induced in both [K + ] i and f xo2 , and whether these quantities are indeed
proportional to each other as we expect from Equation (4). In addition, measurements of f xo1 were made to provide information regarding the morphology and capacitance of the plasma membrane, in line with existing studies [15, 16, [19] [20] [21] [22] .
MATERIALS AND METHODS
All reagents were obtained from Life Technologies Corp. unless otherwise specified.
Cell Culture
The murine myeloma cell line SP2/O-AG14 was obtained from the American Type Culture Collection (Catalogue No. CRL1581). Cells were grown under standard tissue culture conditions as a suspension in RPMI-1640 supplemented with 10% Fetal Bovine Serum, 100 units/µg/ml penicillin-streptomycin (i.e., 1:100 dilution of supplier's stock) and incubated at 37°C in a 5% humidified CO 2 atmosphere. The culture was maintained at a concentration typically between 0.25 and 1×10 6 cells/ml with regular feeding at 2 day intervals. In preparation for the experiments, 15 ml of SP2/O-AG14 cells were suspended at a density of 0.5×10 6 cells/ml and incubated overnight for 24 hours. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 glucose, 10 HEPES and 267 mannitol. HEPES acted as a pH buffer in place of the standard sodium bicarbonate system used with CO 2 , and the pH was adjusted to 7.4 using NaOH. Hypo-osmotic solutions were prepared at 140, 190, 215, and 240 mOsm by the removal of mannitol, with the resulting osmolarity measured using an These ratios were normalised to that obtained for control samples suspended in PBS (~300 mOsm) and expressed as a percentage to provide a relative measurement of intracellular potassium concentration.
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Cytometric analysis using the membrane impermeant fluorescent dye propidium iodide (PI) was employed to evaluate the proportion of apparently intact cells with damaged cytoplasmic membranes [35] in samples used for DEP analysis. As described in detail elsewhere [28] this technique provided information regarding the physical stability of cells suspended in DEP media of different osmolarity values. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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DEP Cross-over (f xo1 , f xo2 ) and Cell Diameter Measurements
The device used for DEP characterisation is described fully elsewhere [25, 28] . In brief, an array of sixteen 100 nm thick, 20 µm wide, platinum interdigitated electrodes spaced 40 µm apart were vacuum deposited onto a glass substrate. The final design, with a total effective capacitance of ~5 pF, was based on investigations to explore the impact of array size, electrode separation and solution conductivity on an applied electric signal. A circuit model based on a distributed RC network was evaluated and found to provide close agreement with practical impedance measurements. This was used to predict the voltage and phase along the electrode elements. A surfacemounted 50Ω resistor was connected in parallel with the electrode array, which was then soldered to a BNC connector to form a low pass filter. This arrangement provided a flat amplitude response below ~500 MHz, to ensure a constant field strength over the frequency range of interest, and was mounted into an inverted microscope (Meiji TC5100) equipped with a digital camera (Lumenera Infinity 2-3) for image capture. MHz steps, causing cells to initially levitate at high frequencies before being attracted to the electrode edges at frequencies lower than f xo2 . LabVIEW software controlled the camera and signal generators with images captured at each frequency step. By counting the cells that had been attracted, and then attached, by positive DEP to the edge of electrodes in these images the number within each band for f xo1 and f xo2 was determined. Cell diameter measurements were made by capturing images using a 40×
objective. ImageJ software [36] was used to measure a sample of at least one hundred cells per datum using the various suspending media.
In previous work [25] we described how the value of f xo2 for cells suspended in DEP 
RESULTS AND DISCUSSION
Examples of forward (FSC) and side-scatter (SSC) plots are shown in Figure 2 for cells suspended in culture medium and the various DEP media. The trend observed of a reduction in FSC and an increase in SSC with increasing osmolarity is consistent with a reduction of cell size due to osmotic pressure, together with a corresponding to cell fragments, also increased. These distributions remained relatively constant up to four hours following initial cell suspension. These measurements and observations, described in more detail elsewhere [28] , are consistent with the findings of Copp et al [37] that hyperosmotic stress induces apoptosis in mammalian cells, through inhibition of growth factor receptor signalling, induction of caspase-3 activation and reversible fragmentation of mitochondrial structure. Only those cells that appeared to be viable from their microscopic appearance (e.g., typical size and no blebbing) were studied for their DEP response.
As shown in the inset of Figure 4 , the volume of cells loaded with PBFI consistently decreased as the medium osmolarity was increased. Cells suspended in 215 mOsm DEP medium were found to have the same diameter, with similar relative forward and side scatter, as cells suspended in PBS of osmolarity ~300 mOsm. This was taken to indicate that for our mannitol-adjusted DEP media, the effective isotonic osmolarity was 215 mOsm. Higher osmolalities resulted in cell shrinkage with ~30% decrease in By plotting cell volume as a function of the inverse osmolarity, with both normalised to the isotonic osmolarity of 215 mOsm, a linear relationship of the Boyle-van't Hoff (BVH) form was found, as shown in Figure 4 . The idealised BVH formula [40] is given by:
where the modelled cell volume, V BVH , and osmolarity, M, are normalised to the measured isotonic values of V iso and M iso . The osmotically inactive fraction of the cell volume v b is represented by the intercept of this linear formula, which as shown in Figure 4 is close to zero.
As shown in Figure 5 the mean value of f xo1 decreased steadily with increasing osmolarity of the medium. After an initial increase in value with increasing osmolarity, f xo2 remained fairly constant over the hypertonic range of our experiments. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 15 This is the range in which cell shrinkage was observed. As f xo2 is proportional to intracellular conductivity it should also depend on the concentration of mobile ions.
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The observed behaviour of f xo2 is therefore consistent with a net loss of ions from the intracellular compartment. By contrast, hypotonic stress resulted in f xo2 decreasing by 35%, from its isotonic value of 166±6 MHz to 108±4 MHz at 140 mOsm. Assuming the concentration of mobile intracellular ions remains constant, the BVH model for cell volume can be used to scale the isotonic value of f xo2(iso) . This dilution factor, the isotonic volume V iso divided by the modelled volume V BVH , yields the following behaviour for f xo2 :
where f xo2(BVH) is the predicted value of f xo2 based upon the fitted BVH model. In Figure 5 this is shown as the dashed line and fits the hypotonic data with an R 2 value of 0.929. At 140 mOsm a 36% volume increase corresponds to a 35% decrease in f xo2 .
Under hypertonic conditions the model breaks down, overestimating f xo2 and suggests that if f xo2 is proportional to the intracellular concentration of mobile ions an efflux must be occurring. Based on this we can predict the proportion n of ions lost due to hypertonic stress as:
where f xo2(hyper) and V hyper are the hypertonic values for f xo2 and cell volume, respectively. Intracellular ion losses at 240 and 290 mOsm are estimated to be 18% and 29%, respectively. In the hypotonic region the value of n from Equation (7) remains close to zero. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 16 DEP and ratiometric flow cytometry measurements were performed at the same time, in parallel, using the same cell suspension medium. The fluorescence ratio of the cells was calculated from their mean signal area intensity, and is plotted in Figure 6 as a percentage relative to that of a PBS suspended control. Between 140 mOsm and the isotonic value of 215 mOsm this ratio increased significantly, from 71±4% to 94±5%.
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Beyond this, the ratio increased only marginally to 99 ± 6% at 290 mOsm, which is a small change by comparison to the concomitant 30% decrease in cell volume. A physiological value for [K + ] i of 135 mM for our isotonic datum in DEP medium would imply an increase to 176 mM at 290 mOsm, assuming no efflux of ions. The fluorescent ratio is, however, known to behave in a non-linear manner at this concentration and to approach a maximum value, which could account for such a marginal increase in fluorescence [29] . By contrast, our observations of f xo2 strongly suggest that an efflux of intracellular ions is occurring. As there is no clear consensus between these two methods on the issue of hypertonic ion efflux, further study is necessary. Dezaki et al [41] ] i that is less than expected from the associated decrease in volume, suggesting that a net efflux of both ions under such conditions could indeed be occurring. As shown in Figure 7 , a plot of f xo2 against the relative fluorescence ratio reveals a strong correlation between these two parameters.
A straight line fit of the data gives an R 2 value of 0.967, which implies that f xo2 can provide an effective means of characterising cells based on their intracellular potassium concentration, particularly for those cells under isotonic or hypotonic conditions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w
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The variation of membrane capacitance C mem with osmolarity is shown in Figure 8 , and is consistent with previous studies [20] . The topographical changes involved can be expressed as a morphological factor ϕ, given as the ratio of C mem over a theoretical value of 6 mF/m 2 for a typical smooth membrane [20] . At 140 mOsm, ϕ = 1.01, suggesting that our cells are extremely smooth and approaching the point of cytolysis.
The isotonic point corresponds to ϕ = 1.66, increasing to ϕ = 2.41 at 290 mOsm.
Broadly speaking, murine myeloma cells appear to behave as expected in terms of hypo-osmotic stress, f xo1 and cell volume.
Conclusions
This work has confirmed our earlier study [25] that measurement of the highfrequency DEP cross-over frequency f x02 for mammalian cells is practicable. An important conclusion is that f x02 is highly correlated to the intracellular conductivity, and in particular to its potassium concentration.
Measurements of cell volume, f xo1 , f xo2 , and intracellular potassium were made under varying degrees of osmotic stress. The cells closely obeyed the Boyle-van't Hoff ideal osmometer model. From measurements of both f xo1 and cell volume, the plasma capacitance was found to trend in a linear manner with osmolarity, approaching the expected value in the hypotonic extreme for a smooth lipid bilayer [20] . Over the observed hypertonic range f xo2 was found to be constant, indicating that an efflux of intracellular ions occurred, proportionate to the volume of water lost. Under increasing hypotonic stress the value of f xo2 decreased in a linear manner, consistent with a dilution of the intracellular ionic concentration resulting from the measured 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 for f x02 from that predicted by Equation (6) is discussed in the main text. All data points were obtained for a medium conductivity 41.5 mS/m. Error bars give ±95% confidence levels. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   Page 24 of 31  ELECTROPHORESIS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   Page 25 of 31  ELECTROPHORESIS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   Page 26 of 31  ELECTROPHORESIS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   Page 27 of 31  ELECTROPHORESIS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   Page 28 of 31  ELECTROPHORESIS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   Page 29 of 31  ELECTROPHORESIS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   Page 30 of 31  ELECTROPHORESIS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   Page 31 of 31  ELECTROPHORESIS   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Page 22 of 31 ELECTROPHORESIS
